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Objective

IL-1β is a leaderless cytokine with poorly known secretory mechanisms that is barely detectable in serum of patients, including those with an IL-1β-mediated disease such as systemic juvenile idiopathic arthritis (sJIA). Leukocyte microvesicles (MVs) may be a mechanism of IL-1β secretion. The first objective of our study was to characterize IL-1β-positive MVs obtained from macrophage cell culture supernatants and to investigate their biological functions in vitro and in vivo. The second objective was to detect circulating IL-1β-positive MVs in JIA patients.





Methods

MVs were purified by serial centrifugations from PBMCs, or THP-1 differentiated into macrophages, then stimulated with LPS ± ATP. MV content was analyzed for the presence of IL-1β, NLRP3 inflammasome, caspase-1, P2X7 receptor, and tissue factor (TF) using ELISA, Western blot, or flow cytometry. MV biological properties were studied in vitro by measuring VCAM-1, ICAM-1, and E-selectin expression after HUVEC co-culture and factor-Xa generation test was realized. In vivo, MVs’ ability to recruit leukocytes in a murine model of peritonitis was evaluated. Plasmatic IL-1β-positive MVs were studied ex vivo in 10 active JIA patients using flow cytometry.





Results

THP-1-derived macrophages stimulated with LPS and ATP released MVs, which contained NLRP3, caspase-1, and the 33-kDa precursor and 17-kDa mature forms of IL-1β and bioactive TF. IL-1β-positive MVs expressed P2X7 receptor and released soluble IL-1β in response to ATP stimulation in vitro. In mice, MVs induced a leukocyte peritoneal infiltrate, which was reduced by treatment with the IL-1 receptor antagonist. Finally, IL-1β-positive MVs were detectable in plasma from 10 active JIA patients.





Conclusion

MVs shed from activated macrophages contain IL-1β, NLRP3 inflammasome components, and TF, and constitute thrombo-inflammatory vectors that can be detected in the plasma from active JIA patients.
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1 Introduction

IL-1β is a major cytokine in innate immunity, involved in the pathogenesis of various rheumatic diseases, notably systemic juvenile idiopathic arthritis (sJIA). Juvenile idiopathic arthritis (JIA) is a generic term to define pediatric inflammatory arthritis of unknown cause, which may occur with different clinical presentations. JIA could present as oligoarthritis, polyarthritis with or without circulating rheumatoid factor, psoriatic arthritis, enthesitis-related arthritis, and sJIA. sJIA is a rare form of the disease (10% of JIA) with systemic symptoms such as arthralgia, fever, evanescent rash, and a major biological inflammatory syndrome with neutrophilic polynuclear leukocytosis, elevated C-reactive protein (CRP), and hyperferritinemia, reflecting hypercytokinemia IL-1; notably, it has been shown to play an important role in the pathogenesis of sJIA and at a lower degree in other forms of JIA, since blocking IL-1 using the recombinant form of the IL-1 receptor antagonist or anti-IL-1β monoclonal antibody is an efficient strategy (1, 2). However, circulating IL-1β is usually not detectable, in patients, using immunoassays.

IL-1β belongs to the IL-1 family of cytokines, which, except for the IL-1 receptor antagonist, lack a leader sequence and do not follow the classical Golgi apparatus secretory pathway. This may in part, explain the low detectable circulating concentrations in the serum from patients (3). After priming through TLR activation and gene transcription, IL-1β is synthesized as a 33-kDa precursor. After a second activation cell signal, such as P2X7 purinergic receptor activation by ATP, an intra-cytoplasmic protein complex called inflammasome is assembled by the association of a NOD-like-receptor (NLR), mainly NLRP3, an adaptor-protein (ASC) and pro-caspase-1 (4). NLRP3 assembly and activation lead to pro-caspase-1 auto-cleavage in active caspase-1, followed by the processing of the IL-1β precursor in its 17-kDa mature form. The same mechanism is involved in the processing of IL-18, another important IL-1 family member (5). Following or concomitantly with this step, several mechanisms of IL-1β secretion have been proposed (6, 7). One may involve secretory lysosomes, which may be similar to autophagosomes and are released by cells when cytoplasmic autophagy is inhibited (8–11). Another mechanism may involve secretion of HLA class II-positive exosomes (12). When cells are more strongly activated or for a longer period of time, caspase-1 may induce IL-1β processing and the cleavage of gasdermin-D, which, in turn, induces a new type of cell death called pyroptosis (13–16). In this case, the 17-kDa mature IL-1β is released out of the cells through membrane pores (17). In addition, IL-1β may be released via another kind cell death independent of caspase-1, called necroptosis (18).

A different way of IL-1β release, barely detectable by usual assays, may be due to the shedding of membrane microvesicles (MVs) (19–21). MVs are small membrane extracellular vesicles (0.1–1 µm) shed by various cells during activation or cell death (22). Their role as a vector of bioactive molecules has been suggested, since MVs bear cell-surface receptors, contain various cytosolic proteins including cytokines, signaling molecules, or RNA, depending on cell origin and the kind of stimulus that induces their formation (23). Exposure of phosphatidylserine (PS) resulting from loss of plasma membrane symmetry is essential for the formation of MVs and enables their detection by flow cytometry, using annexin-V labeling (24). MVs are thought to be involved in many processes such as coagulation, inflammation, and angiogenesis and have been identified as potential biomarkers of diseases with high vascular risk (25). Many cellular types can release MVs, among them myeloid cells (26). MVs issued from activated monocytes or macrophages have been shown to contain bioactive IL-1β in vitro; however, their pro-inflammatory functions in vivo as well as their detection in human diseases have not been reported to date. Here, we sought to evaluate IL-1β-positive MV pro-inflammatory functions, using in vitro and in vivo models and tried to detect them in patients with JIA, in a pilot study.




2 Materials and methods



2.1 Cell culture

The cells used were macrophages differentiated from THP-1 cells treated with phorbol myristate acetate (PMA, Sigma-Aldrich, USA) for 24 h or from peripheral blood mononuclear cells (PBMCs) treated with GM-CSF (Sargramostim, 50 ng/mL) for 7 days and human umbilical vein endothelial cells (HUVECs). All culture conditions are described in Supplementary Methods.




2.2 Generation, numeration, and characterization of MV population

Cell culture media issued from the different conditions of stimulation were collected and centrifuged at 300g for 10 min, to eliminate cellular debris. Supernatants were centrifuged at 4,500g for 10 min at 4°C to remove apoptotic bodies, then at 70,000g for 90 min to pellet MVs. MVs were washed with phosphate buffered saline (PBS), resuspended in PBS, and stored at −80°C until being used. MVs were analyzed using a Gallios flow cytometer (Beckman Coulter, USA). Protocol settings and gates as forward scatter by side scatter were adjusted by using 0.5-, 0.9-, and 3-µm Megamix beads (Biocytex, France), as previously described (27). Isolated MVs were stained with 250 µg/mL FITC-labeled annexin A5 Kit (Tau Technologies, the Netherlands) for 30 min at room temperature in the dark, before adding 500 µL of annexin-V-binding buffer and flow-counting beads (Biocytex, France) (28).

To detect the presence of IL-1β, MVs were permeabilized in PBS containing 0.2% saponin, which, at this low concentration, guaranteed preservation of the integrity of the MV phospholipid bilayer, and then incubated at 4°C for 1 h with 25 µg/mL Alexa Fluor 647 anti-human IL-1β antibody (BioLegend, clone JK-1B-1, Cat# 508207, RRID: AB_604133, USA) or 25 µg/mL Alexa Fluor 647 mouse IgG1 control isotype (BioLegend Cat# 400155, RRID: AB_2832978). After washing, permeabilized MVs were stained with annexin-V-FITC to separate MVs from background in flow cytometry analysis. The same permeabilization procedure was used for double labeling of IL-1β and P2X7R, with the further use of an anti-P2X7R rabbit monoclonal antibody (Cell Signaling Technology Cat# 13809, RRID: AB_2798319) or a control rabbit IgG (Cell Signaling Technology Cat# 2729, RRID: AB_1031062), followed by addition of Alexa 488-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific Cat# A78953, RRID: AB_2925776).




2.3 Western blot experiments

Cells and MVs were lysed in buffer containing 20 mM tris, pH 7.5,150 µM NaCl, 2 mM EDTA pH 8, 0.1% NP40, and a cocktail of protease inhibitors (Thermo Fisher Scientific, USA). Protein concentrations were measured using the BCA protein assay kit (Thermo Fisher Scientific, USA). For Western blot analysis, equal amounts of proteins (15 to 30 µg) were separated on a 4%–12% gradient Novex gel (Thermo Fisher Scientific, Waltham, United States), and then transferred on nitrocellulose membranes (GE Healthcare, USA). Blots were blocked with TBST (150 mM NaCl, 50 mM Tris-HCl at pH 7.5, and 0.1% Tween 20) containing 5% BSA for 1 h, then probed with the following primary antibodies: mouse anti-human IL-1β 1:1,000 (3A6, Cell Signaling Technology Cat# 12242, RRID : AB_2715503), rabbit anti-caspase-1 p10 1:200 (Santa Cruz Biotechnology Cat# sc-515, RRID : AB_630975), rabbit anti-human caspase-1 1:200 (Santa Cruz Biotechnology Cat# sc-622, RRID : AB_2069053), mouse anti-human NLRP3 1:1,000 (Enzo Life Sciences Cat# ALX-804-819-C100, RRID : AB_2051972), rabbit anti-human P2X7 1:200 (Sigma-Aldrich Cat# P9122, RRID : AB_477418), rabbit anti-human tissue factor (TF) 1:1,000 (Abcam Cat# ab151748, RRID : AB_2814773), rabbit anti-human ICAM-1 1:1,000 (Cell Signaling Technology Cat# 4915, RRID : AB_2280018), rabbit anti-E-selectin 1:200 (Santa Cruz Biotechnology Cat# sc-14011, RRID : AB_2186684), and rabbit anti-human VCAM-1 1:200 (Santa Cruz Biotechnology Cat# sc-8304, RRID : AB_2214058). Membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (Thermo Fisher Scientific, USA), using ECL or ECL Plus substrates (Thermo Fisher Scientific, USA) and chemiluminescence detection system (G:Box, Synoptics, UK).




2.4 Cytokine assays

After the lysis of MVs by three freeze–thawing cycles, IL-1β concentrations were measured using a highly sensitive ELISA assay (IL-1 beta Human ELISA Kit, High Sensitivity, Life Technologies, Cat # BMS224HS USA). The same ELISA kit was used for measuring IL-1β concentration in blood samples.




2.5 Tissue factor activity

TF activity was measured using a Factor Xa generation assay, as previously described (29). MVs were resuspended in HEPES (Sigma, St Louis, United States), and then incubated in a 96-well plate with anti-TF monoclonal antibody (clone 183 SBTF-1, BioCytex, Marseille, France) or control isotype (clone a-DNP 2H11–2H12, BioCytex, Marseille, France) antibodies for 30 min. A reaction mix containing FVII, Factor X, and CaCl2 (Sigma, St Louis, United States) was then added to each well to trigger the coagulation cascade and generate FXa. After 2 h of incubation, FXa activity was monitored by the addition of a fluorogenic substrate (factor Xa substrate, Stago 390/450nm, Biocytex, Marseille) (30) and fluorescence was measured, using a fluorimeter (Fluoroskan, Thermo Scientific, United States).




2.6 Transmission electronic microscopy

After thawing, MVs were centrifuged at 70,000g for 90 min at 4°C, then fixed in a PBS solution containing 2% paraformaldehyde and 0.2% glutaraldehyde. A 3-µL aliquot was applied on 100-mesh nickel formvar-coated grids (Euromedex, France). After 15 min, MVs were permeabilized with 3 µL of PBS–5% BSA–0.1% saponin for 1 h, then incubated for 1 h with anti-TF rabbit monoclonal antibody (Sigma-Aldrich clone 2L10 ZooMAb®, Cat# ZRB1811, RRID : AB_2938655) and anti-IL-1β mouse antibody (Cell Signaling Technology Cat# 12242, RRID : AB_2715503) diluted 1:25 in PBS–0.3% BSA. After three washes in PBS, MVs were labeled for 1 h with goat anti-rabbit IgG coupled with 10-nm gold beads (Thermo Fisher Scientific Cat# N-24916, RRID : AB_2539796) and goat anti-mouse IgG coupled with 5-nm gold beads (Tebu-Bio, Cat# 220GA1003, RRID : AB_2938656). Immunogold-labeled MVs were fixed for 5 min in cacodylate buffer containing 2.5% glutaraldehyde, then grids were negatively stained with 0.3% phosphotungstic acid for 1 min, before observation with a transmission electron microscope (JEM 1400 JEOL, United States).




2.7 Endothelial cell activation by MVs

MVs isolated from macrophages were incubated with HUVECs for 4 h at 37°C. Cell pellets were labeled for 1 h with specific anti-ICAM-1/CD54-PE (Beckman Coulter Cat# IM1239U, RRID : AB_131186), anti-VCAM-1/CD106-PE (Beckman, A66085, RRID : AB_2938658), anti-E-selectin/CD62E-PE (BioLegend, HCD62E RRID : AB_2938659), or control isotype antibodies IgG1-PE (Beckman Coulter Cat# A07796, RRID : AB_2832963) and IgG2aκ-PE (BioLegend Cat# 400213, RRID : AB_2800438) (5 µL/reaction) for flow cytometry analysis. For Western blot experiments, cells were washed and scraped in PBS, centrifuged, and lysed in RIPA buffer.




2.8 Animal studies

Mice experiments were conducted according to the institutional ethical committees for animal care from the local animal ethics committee of Marseille. C57BL/6J mice received intraperitoneal injections of PBS or IL-1 receptor antagonist IL-1Ra (30 mg/kg), with or without subsequent one peritoneal injection of 25×106 MVs in PBS. Peripheral blood and peritoneal fluids were collected. The details of experimental conditions are described in Supplementary Methods.




2.9 Patient cohort

Ten patients with JIA according to the International League of Associations for Rheumatology (ILAR) definition were recruited from the Department of Paediatrics at Marseille and Nimes hospitals, during 2015–2016. Parents (or patient’s legal guardians) and patients received information and consent of parents (or patient’s legal guardians) was obtained for all individual participants included in the study. Clinical presentations consisted mainly in refractory polyarticular and systemic forms of the disease, but all patients presented active disease defined as AJI flare according to Juvenile Arthritis Disease Activity Score 10 (JADAS10). The main demographic, clinical, and biological characteristics are shown in Table 1. Ten healthy adult donors were also included.


Table 1 | Characteristics of patients with active juvenile idiopathic arthritis (JIA).






2.10 Patient blood sampling and platelet-poor plasma preparation

Sampling was justified by the flare of the disease. A fasting blood sample was obtained by venipuncture in citrate-containing tubes, which were centrifuged twice at 2,500g for 15 min at room temperature in order to obtain platelet-poor plasma (PPP), within a maximum of 2 h after blood collection, as previously described (31). The resulting plasma was divided into aliquots and stored at −80°C until analysis.




2.11 Determination of patients’ MV profile by flow cytometry

PPP aliquots were thawed at room temperature and centrifuged at 20,000g for 90 min to pellet MVs. Resuspended MVs (30 µL) were transferred into different tubes for MV labeling. Annexin V-FITC (Tau Technologies, the Netherlands) and conjugated antibodies (Ab) were added to identify specific MV subsets: CD31-Phycoerythrin (PE) Ab (Beckman Coulter Cat# IM2409, RRID : AB_131205), CD41-PC7 Ab (Beckman Coulter Cat# 6607115, RRID : AB_2800448), CD11b-APC Ab (Beckman Coulter Cat#A87782, RRID : AB_2938661), CD235a-Alexa 750 Ab (Beckman Coulter Cat# A89314, RRID : AB_2938662), CD14-APC Ab (Beckman Coulter Cat# IM2580, RRID : AB_2800451), CD66b-APC Ab (Beckman Coulter Cat# B08756, RRID : AB_2893284), and CD11b-PE Ab (Beckman Coulter Cat# IM2581U, RRID : AB_131334). The numeration of total MVs and MVs derived from specific cell subsets (absolute number/mL plasma) were calculated according to the acquired counts of MVs and microbeads and the dilution performed during sample preparation.




2.12 Statistical analysis

Data represent the cumulative results of all experiments and are expressed as median with interquartile range for the indicated number (n) of experiments. Statistical analysis was performed with Prism version 9 software. Significant differences were determined by using nonparametric Mann–Whitney and Wilcoxon test; p-values < 0.05 were considered statistically significant.





3 Results



3.1 MVs from stimulated macrophages contain NLRP3 inflammasome components necessary for caspase-1-dependent IL-1β processing

According to the Minimal Information for Studies of Extracellular Vesicles (MISEV) 2018 guidelines (32), MVs issued from THP-1 differentiated into macrophages by PMA treatment were then purified by successive centrifugations and ultracentrifugations (Figure 1A). MVs from unstimulated and stimulated macrophages were characterized using several methods. First, using flow cytometry, the classical gating strategy was determined (Supplementary Figure S1). Then, the presence of typical membranous and cytosolic MV-associated molecules was confirmed by detecting CD18 (integrin subunit β2) and Annexin-V binding on purified MVs (Figure 1B). In addition, the presence of integrin subunit β3 and CD81 was confirmed by Western blotting (Figure 1C, upper panel), with no major contamination by soluble proteins such as albumin (Figure 1C, lower panel). Then, tunable resistive pulse sensing assays showed that vesicles had similar average sizes (respectively 299, 215, and 205 nm for conditions CTRL, LPS, and LPS+ATP), which correspond to the range of large MVs (Figure 1D). Taken together, molecular and size features of MV preparations were consistent with the definition of MV according to the MISEV 2018.




Figure 1 | Macrophage MV purification and characterization process. (A) Schematization of the preparation and the purification of MVs. MVs were collected from macrophage supernatants (purified THP-1 treated with PMA), either non-stimulated (CTRL) or stimulated with LPS or LPS+ATP. Then, they were purified by serial centrifugations to remove dead cells and apoptotic bodies and ultracentrifugation. (B) Flow-cytometry-based quantification of MVs collected from non-stimulated or LPS- or LPS+ATP-stimulated macrophage supernatants. MVs were characterized by annexin-V and CD18 expression. (C) After lysis, 17, 150, or 236 millions of MVs (CTRL, LPS, and LPS+ATP) were analyzed by Western blot to detect the presence of β3-integrin and CD81 (upper panel). The same number of MVs and 10 µg of their corresponding cells were lysed and a Western blot of albumin was realized to attest purification. GAPDH was used as charge control (lower panel). (D) Size distribution by tunable resistive pulse sensing (qNANO) with p150 nanopores. (E) MVs isolated from THP-1 treated with PMA and differentiated into macrophages and non-stimulated (CTRL) or stimulated by LPS or LPS+ATP were stained with annexin-V-FITC, and then quantified by flow cytometry, using counting beads. Results are expressed as mean percentage of increase compared to control expressed in each experiment at 100% (ns, p > 0.05; *p < 0.05, n = 8).



To determine the biological activity of IL-1β conveyed by MVs, we used MVs purified from supernatants of THP-1 cells differentiated into macrophages by PMA treatment and stimulated with LPS or LPS+ATP. MV numeration showed that the same number of MVs were issued from LPS-stimulated or non-stimulated macrophages (ns, Figure 1E). Further addition of ATP tended to increase the total number of MVs compared to non-stimulated macrophages, despite heterogeneous results (58% increase, p < 0.05, Figure 1E). Similar results were obtained using MVs from PBMC differentiated into macrophages (p < 0.005, Supplementary Figure S2).

We then studied NLRP3 inflammasome components carried by MVs from THP-1 treated with PMA and differentiated in macrophages. Using ELISA, we observed that IL-1β concentration was significantly higher in MV lysates issued from LPS- and LPS+ATP-stimulated macrophages compared to MV lysates from non-stimulated macrophages (p < 0.05, Figure 2A). We used flow cytometry to detect IL-1β in MVs after membrane permeabilization by saponin, as previously reported (33) (Figure 2B) and observed a significant increase of IL-1β-positive MV population shed from macrophages stimulated with LPS+ATP as compared to non-stimulated ones [8.1 (2–13.9) vs. 0.115 (0.03–0.475)%, p < 0.01, Figure 2C].




Figure 2 | MVs shed from stimulated macrophages convey IL-1b and NLRP3 inflammasome components. (A) IL-1b was measured by ELISA in MV lysates isolatedfrom PBMC differentiated into macrophages stimulated with either LPS or LPS+ATP or non-stimulated (CTRL). Results are expressed as percentageof increase compared to control (*p < 0.05, n = 7). (B) Scatter dot plot after MV purification, permeabilization, and co-labeling with annexin-V andIL-1b. (C) MVs were isolated from THP-1 differentiated into macrophages. Quantification of annexin-V and IL-1b-positive MVs (**p < 0.01, n = 10).Detection of (D) IL-1b, (E) NLRP3, and (F) pro-caspase-1 and mature caspase-1 (p10) and (p20) in MV lysates from THP-1 differentiated intomacrophages, by Western blotting, (G) detection of IL-1b by Western blotting in MV lysates from THP-1 differentiated into macrophages aftertreatment with the caspase-1 inhibitor YVAD. All Western blots were realized at least three times.



Western blot experiments were performed only with MVs purified from the supernatant of PMA-treated THP-1 cells, as large amounts of MVs were required for protein expression analysis. MVs from non-stimulated macrophages contained small concentrations of the IL-1β precursor (33 kDa), likely resulting from THP-1 cell activation by PMA. After LPS stimulation, increased levels of IL-1β precursor (pro-IL-1β) and very low amounts of mature IL-1β (17 kDa) as well as intermediary IL-1β (28 kDa) form were observed, suggesting that priming with LPS induced pro-IL-1β synthesis by macrophages. With the addition of exogenous ATP, IL-1β mature form increased in MVs, consistent with ATP-induced pro-IL-1β maturation (Figure 2D).

We then investigated the presence of NLRP3 and caspase-1 in MVs from THP-1 treated with PMA, differentiated in macrophages. Using Western blot, NLRP3 (Figure 2E) and the 40-kDa procaspase-1 and the 10-kDa mature and 20-kDa mature caspase-1 forms (Figure 2F) were clearly detected in MVs secreted by stimulated macrophages, indicating that MVs issued from activated macrophages contained all the machinery necessary for the processing of IL-1β. In addition, when PMA-treated THP-1 cells were pre-treated by caspase-1-inhibitor YVAD then stimulated with LPS+ATP, MV content was modified showing less IL-1β mature form and increased concentrations of pro-IL-1β (Figure 2G), demonstrating that IL-1β maturation in MVs was caspase-1-dependent.




3.2 MVs from stimulated macrophages are thrombo-inflammatory vectors

Next, we studied the pro-inflammatory and pro-coagulant properties of IL-1β-positive MVs. Since MVs contain all the molecules necessary to generate the 17-kDa mature IL-1β, we asked whether they could process and release IL-1β in vitro. First, using flow cytometry analysis and gating on large permeabilized Annexin-V-positive MVs, in order to reduce exosome contamination, we observed co-expression of IL-1β and P2X7 receptor in and on the same MV. More than 80% of MVs issued from non-stimulated macrophages expressed only P2X7R, whereas permeabilized MVs issued from LPS+ATP-stimulated macrophages expressed both P2X7R and IL-1β (Figure 3A). Western blot analysis confirmed the presence of P2X7R in MV lysates (Figure 3B). MVs were purified from LPS-stimulated macrophages before being incubated with PBS or ATP. After ultracentrifugation to eliminate MVs, IL-1β concentration was measured in MV-free supernatant and a threefold increase of IL-1β concentrations was observed in the supernatant of MVs stimulated with ATP, compared to the supernatant of MVs stimulated with PBS alone (p < 0.05, Figure 3C).




Figure 3 | MVs from stimulated macrophages are thrombo-inflammatory vectors. (A) Detection by flow cytometry of IL-1β and P2X7R in permeabilized annexin-V-positive MVs isolated from PBMC differentiated into macrophages then stimulated with LPS+ATP or not stimulated (CTRL). Quadrant [F] shows MVs positive for IL-1β and P2X7R among annexin-V-positive MVs. (B) P2X7 was detected by Western blot in MVs or cell lysates from PBMC differentiated into macrophages then stimulated with LPS+ATP or not stimulated. (C) MVs purified from LPS-stimulated THP-1 differentiated into macrophages were incubated with PBS or ATP (1 mM) for 1 h at 37°C. IL-1β concentration was determined in MV supernatant using ELISA (*p < 0.05, n = 4). (D) Detection of IL-1β (left) and tissue factor (right) by Western blot in 10 µg of MV lysate purified from THP-1 treated with PMA and differentiated into macrophages, then stimulated with LPS+ATP. (E) Immunogold labeling of IL-1β (white arrowhead, 5 nm beads) and tissue factor (black arrows, 10 nm beads) captured by transmission electronic microscopy in MVs from THP-1-derived macrophages stimulated with LPS+ATP. (F) Tissue factor activity (U/min) measured using a Factor Xa generation assay in MVs from THP-1-derived macrophages incubated with PBS (CTRL) or stimulated with either LPS or LPS+ATP (*p < 0.05, n = 3).



MVs issued from macrophages have been reported to carry TF (34); we thus asked whether MVs contained both IL-1β and TF. MVs were isolated from supernatants of macrophages derived from THP-1 and MV lysates were subjected to Western blot analysis. Both IL-1β and TF could be detected in the same MV issued from LPS+ATP-stimulated macrophages (Figure 3D left and right panels, respectively). Moreover, using transmission electronic microscopy (TEM) on MV double-labeled for both IL-1β and TF, we observed that some MVs contained both IL-1β and TF (Figure 3E). To confirm TF procoagulant activity on MVs, an in vitro Factor-Xa-generation-assay was performed. TF activity was significantly increased with MVs issued from LPS+ATP-stimulated macrophages, when compared with MVs issued from LPS-stimulated macrophages and non-stimulated macrophages (p < 0.05 respectively, Figure 3F).




3.3 MVs from stimulated macrophages have pro-inflammatory effects in vitro and in vivo

To determine whether IL-1β-positive MVs were biologically active, we first studied the ability of MVs issued from LPS+ATP-stimulated macrophages to activate endothelial cells in vitro. Using Western blotting, we observed that MVs significantly increased ICAM-1 and VCAM-1 expression (p < 0.01 and p < 0.001, respectively, Figure 4A, upper panel a and middle panel b) but not E-selectin expression on HUVECs (ns, Figure 4A, lower panel c). Interestingly, MV pre-incubation with IL-1Ra did not reduce either ICAM-1 or VCAM-1 expression on endothelial cells (ns, Figure 4A). Endothelial cell activation was also confirmed by cytometry analysis on HUVECs using the same conditions (Supplementary Figure S3; Supplementary Table 1).




Figure 4 | MVs from stimulated macrophages demonstrate IL-1β-dependent pro-inflammatory properties in vitro and in vivo. (A) HUVECs were pre-incubated or not with IL-1Ra (10 µg/mL) for 10 min and were then incubated with PBS or with 20 × 106 MVs from THP-1-derived macrophages stimulated with LPS+ATP or with IL-1β (500 pg/mL). Cell lysates (30 µg) were then subjected to Western blot for ICAM-1, VCAM-1, E-selectin detection, and actin for each point (for MV stimulations: ICAM-1: n = 4, VCAM-1: n = 9, and E-selectin: n = 11; ns, p > 0.05, **p < 0.01, ***p < 0.001). (B) Peritoneal leukocyte counts after peritoneal injection in mice (n = 5) of 25×106 MVs from THP-1-derived macrophages treated with LPS+ATP. Four mice received intraperitoneal injections of PBS or IL-1Ra (30 mg/kg) 30 min before the MV injections (*p < 0.05, **p < 0.01).



Then, we studied the ability of MVs issued from LPS+ATP-stimulated macrophages to induce leukocyte recruitment in mice. Fifteen hours after intra-peritoneal injection of MVs, leukocyte recruitment (CD45+ cells) into peritoneal cavity was significantly increased (p < 0.01, Figure 4B), a process that was significantly reduced in the presence of IL-1 receptor antagonist (p < 0.05, Figure 4B).




3.4 Detection of IL-1β-positive MVs in patients with juvenile idiopathic arthritis

To support the existence of these MVs in human disease, we studied the presence of circulating MVs in the plasma of patients with JIA or from healthy donors. Ten patients (sex ratio = 1) with a mean age of 11.1 years [5–16 years], were studied (Table 1). All patients had active disease according to JADAS10, which motivate a therapeutic increment. Among them, nine patients presented a polyarticular form including three with systemic clinical and biological symptoms consistent with a systemic form (sJIA: patients #4, #9, and #10). No patient was treated with anakinra at the time of the flare. The absolute number of total MVs and of leukocyte-derived MVs were not significantly different in plasma of JIA patients compared to healthy controls, possibly due to the relatively low number of patients (data not shown). However, if the concentration of CD11b+MVs derived from myeloid cells was not significantly higher in JIA patients compared to healthy controls (ns, Figure 5A), CD45+CD66-MVs issued from myeloid cells after exclusion of neutrophils were significantly increased in JIA patients (p < 0.05, Figure 5B). Importantly, using flow cytometry analysis, we could detect higher concentrations of circulating IL-1β+Annexin-V-positive MVs in JIA patients compared to healthy controls (p < 0.05, Figure 5C). Circulating IL-1β+Annexin-V-positive MVs represented a small proportion of total MVs (Figure 5D) but were detectable in all patients, especially in those with an active polyarticular disease (patient#1: 0.47%, patient#2: 0.31%) and with biological systemic inflammation (patient#9: 0.27%, and patient #10: 1.06% respectively).




Figure 5 | Detection of circulating IL-1β-positive MVs in plasma from JIA patients. (A) Determination by flow cytometry of myeloid MVs (CD11b+MV) isolated from the plasma of 10 JIA patients and 8 healthy controls (HC) and (B) of myeloid MVs after exclusion of neutrophils (CD45+CD66-MV). (*p< 0.05, **p< 0.01). (C) Detection by flow cytometry of circulating IL-1β-positive MVs among total MVs in 10 JIA patients versus six healthy controls (HC), expressed as percentage of the total annexin-V-positive MV population. (D) Illustration of dot plot from selected patients with active disease: #1, #2, #9, and #10. Percentage of IL-1β and annexin-V-positive MVs is expressed on each graph.







4 Discussion

In this study, we observed that macrophages issued from either PBMCs or the THP-1 cell line release pro-inflammatory and pro-thrombotic MVs upon priming with LPS and activation with ATP. MVs contained the precursor and mature forms of IL-1β, NLRP3 inflammasome, pro-caspase-1, and activated capsase-1 and expressed P2X7R on their membranes. Upon ATP stimulation, MVs were able to release IL-1β in its mature form in vitro and increased ICAM-1 and VCAM-1 expression on HUVECs. In addition, MVs induced a peritoneal leukocyte infiltrate in mice that was reduced by IL-1Ra pre-treatment. After ATP stimulation, MVs also contained TF and exhibited an increased TF-dependent pro-coagulant activity in vitro. As a proof of concept of their existence and potential pathogenic roles in human pathogenesis, using flow cytometry analysis, we could detect IL-1β-positive MVs in the plasma of patients with active JIA, a well-known IL-1β-mediated disease.

As a leaderless protein, IL-1β secretion does not follow the classical secretory pathway (3). Several alternative releasing pathways have however been proposed, notably linked to inhibition of autophagy and secretory lysosome exocytosis (8–11). Secretory lysosomes have been shown to contain pro- and mature IL-1β, NLRP3, ASC, and caspase-1 (8). Other secretion mechanisms may occur after more prolonged macrophage activation through caspase-1-dependent pyroptosis or cathepsin B-dependent necroptosis. In these cases, free mature IL-1β is secreted (16, 18). Our results argue for the release of mature IL-1β by MVs issued from activated macrophages in a process associated with NLRP3 inflammasome and caspase-1 activation. Extracellular vesicles contain several different subpopulations such as, first, apoptotic bodies labeled by annexin-V, containing DNA, and histones with a size range between 1 and 3 µm; second, annexin-V-positive membrane MVs containing RNA and proteins, whose size is between 0.1 and 1 µm; and third, exosomes, which are annexin-V-negative but contain HLA class II with a small size between 50 and 80 nm (35). Apoptotic bodies have been reported to contain bioactive IL-1α (33) and some exosomes may contain IL-1β (12). In 2001, McKenzie et al. first reported the evidence of pro- and mature IL-1β-positive vesicles issued from LPS+ATP-stimulated THP-1; however, no centrifugation procedure or size criteria were clearly reported in this previous study (20). In 2007, Pizzirani et al. showed the presence of both forms of IL-1β, as well as caspase-1 in 0.1–1 µm cathepsin B-positive microvesicles issued from ATP-stimulated dendritic cells, but in this work, no specific labeling was used for purification; thus, this extracellular preparation was likely to contain both MV and secretory lysosomes (21). In 2011, Wang et al. reported the presence of IL-1β in annexin-V-positive MVs issued from LPS-activated THP-1, without the addition of ATP (19). MVs contained both forms of IL-1β, NLRP3, ASC, and caspase-1 and were shown to stimulate HUVECs in vitro, in an IL-1β-dependent manner. Our data confirm the pro-inflammatory nature of IL-1β-positive MVs and extend the study of Wang et al. in several ways. First, we could detect and characterize MV population and, among them, IL-1β-positive MVs by flow cytometry analysis, according to MISEV 2018 guidelines. Second, in agreement with another report (21), we observed that these MVs co-express IL-1β and P2X7R and are sensitive to ATP stimulation for the release of soluble 17 kDa mature IL-1β. Third, since IL-1β-positive MV-induced endothelial activation appeared partially IL-1-dependent in vitro, we showed for the first time that IL-1β-positive MVs exert an IL-1-mediated pro-inflammatory effect in vivo in a murine model of sterile peritonitis.

Therefore, these MVs may be considered as complete pro-inflammatory circulating entities protecting both IL-1β and NLRP3 inflammasome components from rapid degradation. The presence of MVs containing various pro-inflammatory molecules has now been well-established in various pathogenic models, notably ischemic (36). However, MVs as well as apoptotic bodies expose phosphatidyl-serine on their membranes, which is an important “eat-me signal” for macrophages leading to M2 anti-inflammatory phenotype differentiation (37), raising the question of the real pro-inflammatory properties of MVs in vivo. In fact, the role of MVs may well depend on the balance between the MVs produced during tissue injury and the phagocytosis capacities of macrophages. In physiological, macrophages may phagocytose MVs, preventing inflammation. During acute ischemic stress, necrotic cells have been shown to liberate very large concentrations of MVs (38), which may temporarily exceed macrophage phagocytosis. Alternatively, in patients prone to develop auto-immune diseases, such as systemic lupus erythematosus, the intrinsic phagocytic abilities of macrophages have been shown to be altered and circulating MVs have been reported (39, 40). Both situations may lead to increased circulating MVs and localized or systemic inflammation. MVs may deliver an IL-1β-mediated pro-inflammatory signal in several ways. First, as shown in other models, MVs may be endocytosed by target cells through phosphatidyl serine/phosphatidyl serine receptor interactions (41). Noteworthy is the fact that in this setting, NLRP3 may remain active into the cell cytoplasm (42). Through their P2X7 receptor, MVs may also interact with ATP liberated by necrotic cells, thus activating NLRP3 into the MV cytoplasm and MV IL-1β release, as suggested by our in vitro data. Third, MVs may experience secondary necrosis and the release of IL-1β precursor, NLRP3, caspase-1, and other enzymes, leading to some IL-1β processing in the target cell microenvironment and interaction with the IL-1R1 on target cells (43).

MVs may be able to deliver bioactive IL-1β in inflammatory sites (synovium, skin, bone marrow, and liver) distant from the original cell source. Interestingly, IL-1β-positive MVs may also be inflammatory through phagocytosis or membrane fusion by targeting fibroblast-like-synoviocytes or macrophages and direct intra-cytoplasmic delivery of both NLRP3 inflammasome components and pro-IL-1β, as previously suggested (42). In addition, Rothmeier et al. have shown that LPS+ATP-stimulated murine macrophages release MVs over 500 nm, which carry a bioactive form of TF, but do not contain IL-1β (34). Unlike data from these authors, we were able to detect both IL-1β and bioactive TF in MVs issued from LPS+ATP-stimulated macrophages using Western blot and in vitro bioassay. However, we could not show co-expression of IL-1β and TF on the same MV, using flow cytometry analysis, since TF was not detectable on MVs using this method, despite the use of different anti-TF antibodies. Therefore, we performed TEM on IL-1β and TF-double-labeled MVs and observed that a sub-population of MVs issued from LPS+ATP-stimulated macrophages indeed contained both IL-1β and TF. The relative differences with the previous report from Rothmeier et al. may possibly be due to the different experimental conditions, since we used lower concentrations of ATP (1 mM vs. 4 mM), possibly protecting macrophage MVs from pyroptosis and 17-kDa IL-1β release.

By stimulating HUVECs with IL-1β-positive MVs, we observed that endothelial activation was not inhibited by IL-1Ra, indicating that MVs may contain other pro-angiogenic and pro-inflammatory components, such as mitochondria for example (44), or other IL-1 family cytokines such as IL-18 or IL-33, which could induce endothelial activation in an IL-1β-independent manner (45). Membrane interaction of MVs could also be involved in endothelial activation. MVs expose phosphatidyl-serine on their membrane, resulting in an interaction with their endothelial phosphatidyl-serine receptor linked to ICAM-1 and VCAM-1 expression (46). In vivo, the pro-inflammatory properties induced by IL-1β-positive MVs injected into the peritoneal cavity could involve endothelial–leukocyte adhesion molecules (ICAM-1, VCAM-1) but also other mechanisms induced by IL-1β, such as regulation of chemokines, cytokine-induced neutrophil chemoattractant-1 (CINC-1), or integrin-β6 expression by epithelial cells (45). Thus, the permeability of the vasculature could be increased by regulating the expression of cell–cell junction components in an IL-1β-independent manner, and IL-1β can also induce the activation of leukocytes, fibroblast-like-synoviocytes, and endothelial cells, which could modify the vasculature permeability (47). Thus, MVs from stimulated macrophages are thrombo-inflammatory vectors and induce endothelial activation in vitro and leukocyte recruitment in vivo, in an IL-1β-dependant manner.

Finally, to determine whether our in vitro and murine data had some relevance in human diseases and as a proof of concept, we tried to detect IL-β-positive MVs in active JIA, a well-known IL-1β-mediated disease. In JIA patients, serum concentrations of IL-1β remain poorly detectable despite the demonstration of an IL-1β transcriptional signature in PBMCs and the well-established therapeutic efficiency of IL-1β-blocking antibody canakinumab or recombinant IL-1 receptor antagonist, anakinra (1, 48). We succeeded in detecting circulating IL-1β-positive MVs in patient plasma and observed a significantly higher count of myeloid IL-1β-positive MVs in 10 active JIA patients, compared to healthy controls. To our knowledge, this is the first time that IL-1β-positive MVs are detected in plasma from JIA patients.




5 Conclusion

In this study, we characterized a population of LPS-primed macrophage-derived MVs containing pro-IL-β, NLRP3, caspase-1, and TF and releasing IL-1β upon P2X7R activation by ATP. We showed their pro-inflammatory and pro-coagulant biological functions in vitro and in vivo. Furthermore, IL-1β-positive MVs were detectable in plasma from patients with active JIA; thus MVs may represent a pathway of IL-1β release in IL-1β-dependent diseases.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. The animal studies were approved by APAFIS#4228-2016022410055380 v5. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the minor(s)’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.





Author contributions

AC, CR, and RB conducted the experiments and interpreted the data; AC, RB, SR, AL, and LV contributed to MV analysis by flow cytometry; AC, CR, RB, LA, ML, RM, YK, and ET contributed to MV production and ELISA experiment realization; CF, KR, A-LJ, T-AT, RL, FD-G, and GK contributed to sample collection and analysis of clinical data; FD-G handled funding of the manuscript; RL made a critical revision of the manuscript; GK took care of patients and handled funding and supervision of the project, helped with the interpretation of the experiments, and wrote the manuscript with AC. All authors contributed to the article and approved the submitted version.




Acknowledgments

We thank Alexandre ALTIE (PMET Electronic Microscopy Platform, C2VN) for technical assistance with transmission electronic microscopy.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1228122/full#supplementary-material




References

1. Pascual, V, Allantaz, F, Arce, E, Punaro, M, and Banchereau, J. Role of interleukin-1 (IL-1) in the pathogenesis of systemic onset juvenile idiopathic arthritis and clinical response to IL-1 blockade. J Exp Med (2005) 201(9):1479−86. doi: 10.1084/jem.20050473

2. Allantaz, F, Chaussabel, D, Stichweh, D, Bennett, L, Allman, W, Mejias, A, et al. Blood leukocyte microarrays to diagnose systemic onset juvenile idiopathic arthritis and follow the response to IL-1 blockade. J Exp Med (2007) 204(9):2131−44. doi: 10.1084/jem.20070070

3. Rubartelli, A, Cozzolino, F, Talio, M, and Sitia, R. A novel secretory pathway for interleukin-1 beta, a protein lacking a signal sequence. EMBO J (1990) 9(5):1503−10. doi: 10.1002/j.1460-2075.1990.tb08268.x

4. Ferrari, D, Chiozzi, P, Falzoni, S, Dal Susino, M, Melchiorri, L, Baricordi, OR, et al. Extracellular ATP triggers IL-1 beta release by activating the purinergic P2Z receptor of human macrophages. J Immunol (1997) 159(3):1451−8. doi: 10.4049/jimmunol.159.3.1451

5. Kaplanski, G. Interleukin-18: Biological properties and role in disease pathogenesis. Immunol Rev (2018) 281(1):138−53. doi: 10.1111/imr.12616

6. Carta, S, Lavieri, R, and Rubartelli, A. Different members of the IL-1 family come out in different ways: DAMPs vs. Cytokines? Front Immunol (2013) 4:123. doi: 10.3389/fimmu.2013.00123

7. Sitia, R, and Rubartelli, A. The unconventional secretion of IL-1β: Handling a dangerous weapon to optimize inflammatory responses. Semin Cell Dev Biol (2018) 83:12−21. doi: 10.1016/j.semcdb.2018.03.011

8. Andrei, C, Dazzi, C, Lotti, L, Torrisi, MR, Chimini, G, and Rubartelli, A. The secretory route of the leaderless protein interleukin 1beta involves exocytosis of endolysosome-related vesicles. Mol Biol Cell (1999) 10(5):1463−75. doi: 10.1091/mbc.10.5.1463

9. Andrei, C, Margiocco, P, Poggi, A, Lotti, LV, Torrisi, MR, and Rubartelli, A. Phospholipases C and A2 control lysosome-mediated IL-1 beta secretion: Implications for inflammatory processes. Proc Natl Acad Sci USA (2004) 101(26):9745−50. doi: 10.1073/pnas.0308558101

10. Shi, CS, Shenderov, K, Huang, NN, Kabat, J, Abu-Asab, M, Fitzgerald, KA, et al. Activation of autophagy by inflammatory signals limits IL-1β production by targeting ubiquitinated inflammasomes for destruction. Nat Immunol (2012) 13(3):255−63. doi: 10.1038/ni.2215

11. Blott, EJ, and Griffiths, GM. Secretory lysosomes. Nat Rev Mol Cell Biol (2002) 3(2):122−31. doi: 10.1038/nrm732

12. Qu, Y, Franchi, L, Nunez, G, and Dubyak, GR. Nonclassical IL-1 beta secretion stimulated by P2X7 receptors is dependent on inflammasome activation and correlated with exosome release in murine macrophages. J Immunol (2007) 179(3):1913−25. doi: 10.4049/jimmunol.179.3.1913

13. Broz, P. Immunology: Caspase target drives pyroptosis. Nature (2015) 526(7575):642−3. doi: 10.1038/nature15632

14. Kayagaki, N, Stowe, IB, Lee, BL, O’Rourke, K, Anderson, K, Warming, S, et al. Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature (2015) 526(7575):666−71. doi: 10.1038/nature15541

15. Shi, J, Zhao, Y, Wang, K, Shi, X, Wang, Y, Huang, H, et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature (2015) 526(7575):660−5. doi: 10.1038/nature15514

16. Liu, X, Zhang, Z, Ruan, J, Pan, Y, Magupalli, VG, Wu, H, et al. Inflammasome-activated gasdermin D causes pyroptosis by forming membrane pores. Nature (2016) 535(7610):153−8. doi: 10.1038/nature18629

17. He, Wt, Wan, H, Hu, L, Chen, P, Wang, X, Huang, Z, et al. Gasdermin D is an executor of pyroptosis and required for interleukin-1β secretion. Cell Res (2015) 25(12):1285−98. doi: 10.1038/cr.2015.139

18. Edwan, JH, Goldbach-Mansky, R, and Colbert, RA. Identification of interleukin-1β-producing monocytes that are susceptible to pyronecrotic cell death in patients with neonatal-onset multisystem inflammatory disease. Arthritis Rheumatol (2015) 67(12):3286−97. doi: 10.1002/art.39307

19. Wang, JG, Williams, JC, Davis, BK, Jacobson, K, Doerschuk, CM, Ting, JPY, et al. Monocytic microparticles activate endothelial cells in an IL-1β-dependent manner. Blood (2011) 118(8):2366−74. doi: 10.1182/blood-2011-01-330878

20. MacKenzie, A, Wilson, HL, Kiss-Toth, E, Dower, SK, North, RA, and Surprenant, A. Rapid secretion of interleukin-1beta by microvesicle shedding. Immunity (2001) 15(5):825−35. doi: 10.1016/s1074-7613(01)00229-1

21. Pizzirani, C, Ferrari, D, Chiozzi, P, Adinolfi, E, Sandonà, D, Savaglio, E, et al. Stimulation of P2 receptors causes release of IL-1beta-loaded microvesicles from human dendritic cells. Blood (2007) 109(9):3856−64. doi: 10.1182/blood-2005-06-031377

22. Akers, JC, Gonda, D, Kim, R, Carter, BS, and Chen, CC. Biogenesis of extracellular vesicles (EV): exosomes, microvesicles, retrovirus-like vesicles, and apoptotic bodies. J Neurooncol (2013) 113(1):1−11. doi: 10.1007/s11060-013-1084-8

23. Dignat-George, F, and Boulanger, CM. The many faces of endothelial microparticles. Arterioscler Thromb Vasc Biol (2011) 31(1):27−33. doi: 10.1161/ATVBAHA.110.218123

24. Distler, JHW, Huber, LC, Gay, S, Distler, O, and Pisetsky, DS. Microparticles as mediators of cellular cross-talk in inflammatory disease. Autoimmunity (2006) 39(8):683−90. doi: 10.1080/08916930601061538

25. Morel, O, Toti, F, Hugel, B, Bakouboula, B, Camoin-Jau, L, Dignat-George, F, et al. Procoagulant microparticles: disrupting the vascular homeostasis equation? Arterioscler Thromb Vasc Biol (2006) 26(12):2594−604. doi: 10.1161/01.ATV.0000246775.14471.26

26. Piccin, A, Murphy, WG, and Smith, OP. Circulating microparticles: pathophysiology and clinical implications. Blood Rev (2007) 21(3):157−71. doi: 10.1016/j.blre.2006.09.001

27. Lacroix, R, Robert, S, Poncelet, P, Kasthuri, RS, Key, NS, Dignat-George, F, et al. Standardization of platelet-derived microparticle enumeration by flow cytometry with calibrated beads: results of the International Society on Thrombosis and Haemostasis SSC Collaborative workshop. J Thromb Haemost (2010) 8(11):2571−4. doi: 10.1111/j.1538-7836.2010.04047.x

28. Cointe, S, Judicone, C, Robert, S, Mooberry, MJ, Poncelet, P, Wauben, M, et al. Standardization of microparticle enumeration across different flow cytometry platforms: results of a multicenter collaborative workshop. J Thromb Haemost (2017) 15(1):187−93. doi: 10.1111/jth.13514

29. Agouti, I, Cointe, S, Robert, S, Judicone, C, Loundou, A, Driss, F, et al. Platelet and not erythrocyte microparticles are procoagulant in transfused thalassaemia major patients. Br J Haematol (2015) 171(4):615−24. doi: 10.1111/bjh.13609

30. Vallier, L, Bouriche, T, Bonifay, A, Judicone, C, Bez, J, Franco, C, et al. Increasing the sensitivity of the human microvesicle tissue factor activity assay. Thromb Res (2019) 182:64−74. doi: 10.1016/j.thromres.2019.07.011

31. Lacroix, R, Judicone, C, Mooberry, M, Boucekine, M, Key, NS, Dignat-George, F, et al. Standardization of pre-analytical variables in plasma microparticle determination: results of the International Society on Thrombosis and Haemostasis SSC Collaborative workshop. J Thromb Haemost (2013) 15(6):1236. doi: 10.1111/jth.12207

32. Théry, C, Witwer, KW, Aikawa, E, Alcaraz, MJ, Anderson, JD, Andriantsitohaina, R, et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles (2018) 7(1):1535750. doi: 10.1080/20013078.2018.1535750

33. Berda-Haddad, Y, Robert, S, Salers, P, Zekraoui, L, Farnarier, C, Dinarello, CA, et al. Sterile inflammation of endothelial cell-derived apoptotic bodies is mediated by interleukin-1α. Proc Natl Acad Sci USA (2011) 108(51):20684−9. doi: 10.1073/pnas.1116848108

34. Rothmeier, AS, Marchese, P, Petrich, BG, Furlan-Freguia, C, Ginsberg, MH, Ruggeri, ZM, et al. Caspase-1-mediated pathway promotes generation of thromboinflammatory microparticles. J Clin Invest (2015) 125(4):1471−84. doi: 10.1172/JCI79329

35. Théry, C, Ostrowski, M, and Segura, E. Membrane vesicles as conveyors of immune responses. Nat Rev Immunol (2009) 9(8):581−93. doi: 10.1038/nri2567

36. Cypryk, W, Nyman, TA, and Matikainen, S. From inflammasome to exosome-does extracellular vesicle secretion constitute an inflammasome-dependent immune response? Front Immunol (2018) 9:2188. doi: 10.3389/fimmu.2018.02188

37. Mohning, MP, Thomas, SM, Barthel, L, Mould, KJ, McCubbrey, AL, Frasch, SC, et al. Phagocytosis of microparticles by alveolar macrophages during acute lung injury requires MerTK. Am J Physiol Lung Cell Mol Physiol (2018) 314(1):L69−82. doi: 10.1152/ajplung.00058.2017

38. Hu, Q, Lyon, CJ, Fletcher, JK, Tang, W, Wan, M, and Hu, TY. Extracellular vesicle activities regulating macrophage- and tissue-mediated injury and repair responses. Acta Pharm Sin B (2021) 11(6):1493−512. doi: 10.1016/j.apsb.2020.12.014

39. Biemmi, V, Milano, G, Ciullo, A, Cervio, E, Burrello, J, Dei Cas, M, et al. Inflammatory extracellular vesicles prompt heart dysfunction via TRL4-dependent NF-κB activation. Theranostics (2020) 10(6):2773−90. doi: 10.7150/thno.39072

40. Dalvi, P, Sun, B, Tang, N, and Pulliam, L. Immune activated monocyte exosomes alter microRNAs in brain endothelial cells and initiate an inflammatory response through the TLR4/MyD88 pathway. Sci Rep (2017) 7(1):9954. doi: 10.1038/s41598-017-10449-0

41. Wei, X, Liu, C, Wang, H, Wang, L, Xiao, F, Guo, Z, et al. Surface phosphatidylserine is responsible for the internalization on microvesicles derived from hypoxia-induced human bone marrow mesenchymal stem cells into human endothelial cells. PloS One (2016) 11(1):e0147360. doi: 10.1371/journal.pone.0147360

42. Baroja-Mazo, A, Martín-Sánchez, F, Gomez, AI, Martínez, CM, Amores-Iniesta, J, Compan, V, et al. The NLRP3 inflammasome is released as a particulate danger signal that amplifies the inflammatory response. Nat Immunol (2014) 15(8):738−48. doi: 10.1038/ni.2919

43. Baxter, AA. Stoking the fire: how dying cells propagate inflammatory signalling through extracellular vesicle trafficking. Int J Mol Sci (2020) 21(19):7256. doi: 10.3390/ijms21197256

44. Puhm, F, Afonyushkin, T, Resch, U, Obermayer, G, Rohde, M, Penz, T, et al. Mitochondria are a subset of extracellular vesicles released by activated monocytes and induce type I IFN and TNF responses in endothelial cells. Circ Res (2019) 125(1):43−52. doi: 10.1161/CIRCRESAHA.118.314601

45. Fahey, E, and Doyle, SL. IL-1 family cytokine regulation of vascular permeability and angiogenesis. Front Immunol (2019) 10:1426. doi: 10.3389/fimmu.2019.01426

46. Wautier, JL, and Wautier, MP. Molecular basis of erythrocyte adhesion to endothelial cells in diseases. Clin Hemorheology Microcirculation (2013) 53(1−2):11−21. doi: 10.3233/CH-2012-1572

47. Ruperto, N, and Martini, A. Current and future perspectives in the management of juvenile idiopathic arthritis. Lancet Child Adolesc Health (2018) 2(5):360−70. doi: 10.1016/S2352-4642(18)30034-8

48. Quartier, P, Allantaz, F, Cimaz, R, Pillet, P, Messiaen, C, Bardin, C, et al. A multicentre, randomised, double-blind, placebo-controlled trial with the interleukin-1 receptor antagonist anakinra in patients with systemic-onset juvenile idiopathic arthritis (ANAJIS trial). Ann Rheum Dis (2011) 70(5):747−54. doi: 10.1136/ard.2010.134254




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Cambon, Rebelle, Bachelier, Arnaud, Robert, Lagarde, Muller, Tellier, Kara, Leroyer, Farnarier, Vallier, Chareyre, Retornaz, Jurquet, Tran, Lacroix, Dignat-George and Kaplanski. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




Glossary


 




OEBPS/Images/fimmu-14-1228122-g004.jpg
P QN R
WS & ¥
225
115
B « E-selectin
80
50
— — — — — & Actin
IL-1Ra - - + -+
o R
LRI ARY
225
115
80 e o « |-CAM1
50
———— et Actin
IL-1Ra S s s
) N
MW7 &
225
15
. N et it « V-CAM1
50
I ———— g Actin
IL-1Ra -+ s

E-selectin quantification

ICAM-1 quantification

VCAM-1 quantification

@
=3
=1
3

@
3
=1
3

a
3
=1
3

n
=1
=1
3

IL-1Ra

CD45" leukocytes/IU

30000

%

20000
A
10000
10
o Al
E] Ala
ol a9 T T
PBS mMv mMv
IL-1Ra - - +





OEBPS/Images/fimmu-14-1228122-g002.jpg
>

IL-1R concentration ( % of control)

4000

3000

2000

1000

Annexin-V-IL-18 MV % gated)

LPS
ATP

*
*
A
[]
a
=
2000000 - T
CTRL LPS LPS+ATP
CTRL LPS+ATP

& +

& Pro-caspase 1

25& Caspase 1 p20

15

10 Caspase 1 p10

CTRL

LPS+ATP

35

25

15

LPS
ATP

25

15

Annexin-V/

Mw

YVAD

IL-1p

Annexin-V

. . s & Pro-IL-1B
© & Activated-IL-1B

« Cleaved-IL-1p

«& Cleaved-IL-1p

140

100
70
50

LPS
ATP

Mw

+

& NLRP3





OEBPS/Images/fimmu-14-1228122-g001.jpg
A

1. Cell amelification, differentiation and treatments

s

QI

1 coar
e

100r0m M S
mptcan
s om
ey
AR hos
2 Pysification of microvesicles supernatants superatants

U comtouton30ta TR A L g

e 4 e ae.

.../Y"|' § guyw

\
Microvesicles in PBS -/- ).r-.

stonge 80°C

c MW No
140

LPS LPS+ATP

100 e W B B <p-integrin

- s <cost
CTRL LPs LPS +ATP
A |
mw Cells MVs Cells Mvs Cells MVs
70— —_— — < Albumin
0 W —— - «GAPDH

35

Microvesicles

CTRL

Background
noise control

Microvesicles

LPS

Microvesicles

LPS +ATP

CD-18PE

CD-18PE
c0-18P€

“AnnexinV-FITC AnnexinV-FITC AnnexinV-FITC
. Conditions Mean (nm) 0 Mode (o
500m
,.J‘ CTRL 299 132 225
) LPS 215 97 215
15+ ATP 205 205

(% of control)
8
3

Annexin V' MV count
»
H

LPS+ATP

WMV LPS+ATP|






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Macrophage IL-1β-positive microvesicles exhibit thrombo-inflammatory properties and are detectable in patients with active juvenile idiopathic arthritis

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell culture

          



          		

            2.2 Generation, numeration, and characterization of MV population

          



          		

            2.3 Western blot experiments

          



          		

            2.4 Cytokine assays

          



          		

            2.5 Tissue factor activity

          



          		

            2.6 Transmission electronic microscopy

          



          		

            2.7 Endothelial cell activation by MVs

          



          		

            2.8 Animal studies

          



          		

            2.9 Patient cohort

          



          		

            2.10 Patient blood sampling and platelet-poor plasma preparation

          



          		

            2.11 Determination of patients’ MV profile by flow cytometry

          



          		

            2.12 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 MVs from stimulated macrophages contain NLRP3 inflammasome components necessary for caspase-1-dependent IL-1β processing

          



          		

            3.2 MVs from stimulated macrophages are thrombo-inflammatory vectors

          



          		

            3.3 MVs from stimulated macrophages have pro-inflammatory effects in vitro and in vivo

          



          		

            3.4 Detection of IL-1β-positive MVs in patients with juvenile idiopathic arthritis

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
L interleukin

A juvenile idiopathic arthritis

SIA systemic juvenile idiopathic arthritis
MVs microvesicles

PBMCs  peripheral blood mononuclear cells
THP-L Tohoku Hospital Pediatrics-1

PMA phorbol 12-myristate 13-acetate
NLRP3  nucleotide-binding domain

P2X7R  P2X purinoceptor 7

TF tissue factor

ELISA enzyme-linked immunoassay

HUVECs  human umbilical vein endothelial cells

1ps lipopolysaccharide

ATP adenosine triphosphate

kDa kilodaltons

TIR toll-like receptors

NLR nucleotide-binding oligomerization domain (NOD)-like receptors

ASC, apoptosis-associated speck-like protein containing a CARDS

CARD  caspase recruitment domain

HLA human leukocyte antigen

RNA ribonucleic acid

ILAR International League of Associations for Rheumatology

JADASIO  Juvenile Arthritis Disease Activity Score 10

PP platelet-poor plasma
HITC fluorescein isothiocyanate

c cluster of differentiation

PC7 phycoerythrin cyanine 7

APC allophycocyanin

Ab antibody

PBS phosphate-buffered saline

1gG immunoglobulin G

ICAM-1 intercellular adhesion molecule 1/CD54

VCAM-1  vascular cell adhesion protein 1/CD106

HEPES  hydroxyethylpiperazine ethane sulfonic acid

BSA bovine serum albumin
I-1Ra | IL-1 receptor antagonist

ANA antinuclear antibody

CcRP Cereactive protein

ESR erythrocyte sedimentation rate

MISEV | Minimal Information for the Study of Extracellular Vesicles
CIRL | control

YVAD | acetyl-tyrosyl-valyl-alanyl-aspartyl

DNA deoxyribonucleic acid

Cat calcium

TEM transmission electron microscopy

CINC-1 | eytokine-induced neutrophil chemoattractant.1

HC healthy control

GADPH | glyceraldehyde-3-phosphate dehydrogenase

polyA polyarticular
oligoa oligoarticular
F feminine

M male

HG hemogram
cs corticosteroids

DMARDS | disease-modifying antirheumatic drugs

RIPA radio-immunoprecipitation assay buffer





OEBPS/Images/fimmu.2023.1228122_cover.jpg
& frontiers | Frontiers in Immunology

Macrophage IL-1B-positive microvesicles

exhibit thrombo-inflammatory properties

and are detectable in patients with active
juvenile idiopathic arthritis





OEBPS/Images/fimmu-14-1228122-g005.jpg
*%
200
2 5
2 4 150
8 s
5] £ 100
i £
g <
o £ s0
3

HC  JIA
HC JIA
D MV total MV total MV total MV total
e pe2 ez he3) 2 IAEL 2
° 10 10 10 10"
£ 0,14% 0,17% 0,12% 0,17%
I w
8 i
3 i
2 i
o
2
wo e e woow W
W " 0y
BT e2 AE1 \E2
w .
0,47% 0,31% 0,27% 1,06%
= - w0
=
IV‘
3 AEA )7

i ]

(3

Patient#1 Patient#2 Patient#9 Patient#10





OEBPS/Images/fimmu-14-1228122-g003.jpg
IL-18

IL-18 ( pg/mL)

*

I

LPS+ATP

L8

LPS+ATP

TF activity (U/min)

40

25 .

15
ATP

Mw CTRL

© W |« Pro-L-1B

& Cleaved-IL-1B

CTRL

LPS

LPS+ATP

LPS+ATP

Mw

50
40
30

25

ATP

& P2XR7

S wew & Tissue Factor





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/table1.jpg
Time of Evo- ANA  HLAB27 Clinical Arthritis Ocular Systemic  Biological Current

Patients Age Sex Form Previous Treatment

lution A. Manifestation A A Treatment
cs
CRP =3 mg/L
i DMARD!
1 16 F | polyA 16 = neg yes hipe uveitis 1o ESR=13mm  Abatacept+ MTX % 2
knees il Etanercept
Adalimumab
cs
- G =3 Dvas
2 9 F | polya 3 - neg yes knees no no ESR =3 mm Tocilizumab DD
Adalimumab
ankles HG normal
Abatacept
Tocilizamab
cs
CRP =3 mglL
3 13 M oligA 1 = neg yes hips no e ESR =20 mm Tocilizumab DMARDS
rash Etanercept
HG normal
Anakinra
CRP =74 mgl
cuffs fever ESR =30 mm
4 10 M polya 2 = neg yes o no oy et il cs cs
mm?
cs
RE+ DMARDS
ANA ankles CRP=2mglL Adalimumab
5 16 F polya 5 + neg yes aufis no no ESR=5mm  Abatacept + MTX Etanercept
ccp fingers HG normal Adalimumab + MTX
+ Abatacept + MTX
Tocilizumab
cs
knees DMARDS
6 7 F o polyA 6 - neg yes affs no ESR=8mm  Toclizamab + MTX Etanercept
hips HG normal Adalimumab
Abatacept
elbows cs
auffs e CRP =3 mglL DMARDS
7 16 F poya 14 = neg. yes knees no . 30mm  Abatacept + MTX Etanercept + MTX
ankles e HG normal Adalimumab + MTX
fingers Abatacept
knees - CRP =9 mg/L cs
s 5 M polyA 3 = neg yes cuffs no © ;’ ESR =2 mm Tocilizamab Anakinra
hips 2 HG normal Tocilizumab
CRP = 230
mg/L
fl';i:z ESR =50 mm cs
9 8 M poyA 1 - neg yes i no fever Ferritin = 883 MTX Anakinra
. g/l MTX
< PNN: 23,000/
o’
hips o
10 M poya 5 u neg yes s s no fever = X
Tocilizumab
PNN: 17,400/
o

Demographic characteristcs, clinical and biological dis ities, and treatments for 10 patients with active JIA are described.
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